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ABSTRACT. Lying at the transition between temperate Mediterranean domain and subtropical deserts, the Levant is a key area to study 
the palaeoclimatic response over glacial-interglacial cycles. This paper presents a dated last interglacial (MIS 5) stalagmite (129–84 ka) 
from the Kanaan Cave, Lebanon. Variations in growth rate, morphology and petrology have been measured to derive a palaeoclimatic 
record. The speleothem growth curve shows rapid growth rates during the peak of MIS 5e (126-124 ka), moderate growth rates between 
103.5 and 99 ka and very low growth rates from 99 to 84 ka. On the basis of the good correlation between the speleothem morphology 
and growth rates with the isotopic response of continental records from northern and southern Levant, we relate high growth rate 
to wet conditions during the maximum MIS 5e and MIS 5c. The peak in growth rates corresponds to sapropel events in the eastern 
Mediterranean. Low growth rates during MIS 5d and 5b indicate a transition to drier conditions. 
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1. Introduction
Located at the interface between mid and high latitude climate 
systems, and affected by both the North Atlantic Oscillation 
and the monsoonal system over Africa, the Levant region (East 
Mediterranean Basin) has the unique potential to record the 
occurrence and phasing of climatic changes in both systems. 
Known for its long records of prehistoric human settlements, 
the Levant straddles the transition zone between the humid 
Mediterranean climate in the north and the arid Saharo-Arabian 
desert climate in the south. This transition zone is characterised 
by steep precipitation and temperature gradients. Over the 
past decade, several studies have attempted to understand the 
palaeoclimate of this critical region (Fig. 1a) using both marine 
(Rossignol-Strick, 1999; Kallel et al., 1997; Emeis et al., 2003) 
and continental palaeoclimate records (Frumkin et al., 2000; 
Bar-Mathews et al., 2003; Ayalon et al., 2013; Vaks et al., 2010; 
Kolodny et al., 2005; Gasse et al., 2011, 2015; Develle et al., 
2011). A key period for understanding the climate system in the 
Levant is the last interglacial. This is generally considered to be 
a warm period, comparable to the present-day climate, although 
this is still under considerable debate. Discrepancies between 
different palaeoclimate archives exist, particularly between 
speleothem and lacustrine archives. In particular, inconsistencies 
between records from Negev desert (Vaks et al., 2010), central 
Palestine/Israel (Bar-Mathews et al., 2000; 2003; Frumkin et al., 
2000) and northern Levant (Develle et al., 2011; Gasse et al., 
2011; 2015), and between the eastern Mediterranean coastline 
(Ayalon et al., 2013) and inner basins (i.e. Dead Sea Basin) 
(Kolodny et al., 2005; Waldmann et al., 2009) are evident. One 
of the main inconsistencies is the wet phases demonstrated from 
speleothem isotopic records of Soreq, Peqiin and West Jerusalem 
caves, during the interglacial optimum and the dry phases shown 
from the low lake levels in the Dead Sea basin. 
Whereas these different continental records reflect changes 
in atmospheric circulation, regional topographic patterns and/or 
site-specific climatic and hydrological factors, the lack of long-
term records from the northern Levant, especially from different 
continental archives, limits our understanding of the regional 
response to climatic conditions during Marine Isotope Stage 
(MIS) 5. This lack of data restricts the opportunities to resolve 
the inconsistencies between palaeoclimate records across the 
region. This study attempts to resolve this by providing a new 
high-resolution record obtained from a speleothem from a cave 
situated on the west flank of Mount Lebanon. Speleothems are 
secondary chemical cave deposits, which provide high-resolution 
proxy tools for palaeoclimate reconstruction (Genty et al., 2001; 
Verheyden, 2001; Verheyden et al., 2006). Recent studies highlight 
the significance of speleothem records, in particular for achieving 
precise chronologies of continental climate changes (Wang et al., 
2001; Fairchild et al., 2006; Genty et al., 2003, 2006).
A stalagmite from Kanaan Cave in central Lebanon is 
dated and climate indicators (growth phases, growth rate and 
petrographic characteristics) investigated as a first attempt to 
document the regional climate change during the last interglacial 
in the northern Levant. This study also highlights the influence 
of speleogenetic factors within Kanaan Cave on speleothem 
deposition.
2. Climate and palaeoclimate settings 
Lebanon is located along the central-eastern coastline of the 
Mediterranean Sea between latitudes 32°34′N and 34°41′N 
(Fig. 1a). The western side of Mount Lebanon is characterized 
by a Mediterranean climate with an annual precipitation varying 
between 880 and 1100 mm along the coastline (World Bank, 
2003). The climate is seasonal, with rainy winters (between 
November and February) and dry, hot summers (from May to 
October).
Speleothem records, among other palaeoclimatic proxies, 
have contributed to the reconstruction of the MIS 5 climate in 
the Levant region (Frumkin et al., 1999; 2000; Bar-Mathews 
et al., 1999; 2000; 2003; Ayalon et al., 2013, Vaks et al., 2006; 
2010). These climate characteristics are highlighted below and 
summarized in Table 1. Just after the end of the Termination 
II (∼140-130 ka) during which time the climate was generally 
wet and cold, the region experienced an intense warm period 
coinciding with the development of anoxic conditions (Sapropel 
5) in the Eastern Mediterranean (Rossignol-Strick, 1999; Emeis et 
al., 2003) and maximum northern hemisphere summer insolation 
(Berger & Loutre, 1991). From ∼130-120 ka, speleothems 
records from Peqiin, Soreq and West Jerusalem record periods of 
rapid growth, mainly attributed to higher rainfall (Bar-Mathews 
et al., 2003), suggesting conditions were wetter than the Holocene 
period. Corresponding high δ13C records were interpreted as a 
consequence of soil denudation with high surface runoff (Bar-
Mathews et al., 2003) or due to intense forest fires (Frumkin et al., 
2000). Wet conditions (∼125-117 ka) are suggested also by other 
proxies, such as pollen and oxygen lake isotopes derived from 
ostracods shells, from the northern Levant (Gasse et al., 2011; 
2015). However, the Dead Sea Basin remained dry at this time 
(Kolodny et al., 2005) and Samra lake levels were lower than the 
Holocene, even though a slight rise occurred (Waldmann et al., 
2009) during the late Interglacial Maximum.
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Table 1. Summary of previous studies presenting the palaeoclimatic conditions prevailing in the Levant region during MIS 5: Northern Insolation (Berger & Loutre, 1991), East Mediterranean Sea (Rossignol-Strick, 1999; Emeis et al., 
2003), Yammouneh Paleolake in northern Lebanon (Develle et al., 2011; Gasse et al., 2011; 2015), West Jerusalem, Soreq and Peqiin Caves (Frumkin et al., 2000; Bar-Mathews et al., 2000; 2003), Dead Sea Basin (Kolodny et al., 2005; 
Waldmann et al., 2009; Lisker et al., 2010), and Tzavoa Cave, Negev (Vaks et al., 2006; 2010).
Table 2. Uranium series dating results of K1-2010 stalagmite.
All uncertainties are ±2σ.  230Th and 234U decay constants are from Cheng et al., 2013, 238U decay constant from Jaffey et al., 1971. Detritial Th corrections assumed an initial 230Th/232Th atomic ratio = 4.4 x 10-6 ± 50% and bulk earth 
232Th/238U = 3.8. 
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Between ∼118 and ∼110 ka, a return to slightly drier 
conditions is suggested by an increase in δ13C values and δ18O 
enrichment obtained from speleothem data in southern Levant, 
suggesting lower rainfall amounts. However evidence for C3 
vegetation cover, indicative of wet conditions, is suggested 
in West Jerusalem Cave (Frumkin et al., 2000), whilst the 
Yammouneh palaeolake record in the northern Levant (Develle 
et al., 2011) suggests seasonal changes with wet winters and dry 
summers.
From ∼110 to ∼100 ka, a short wet period is observed from 
depleted δ18O values in speleothem from the southern Levant and 
from arboreal pollen taxa in the northern Lebanon (Develle et al., 
2011). This coincides with anoxic conditions (Sapropel 4) in the 
eastern Mediterranean (Emeis et al., 2003). Between ∼100 and 
∼85 ka, a return to a colder climate is suggested by speleothem 
deposition in Soreq, Peqiin and West Jerusalem with δ18O-
enriched values. However, the C3 vegetation cover persisted in 
the southern Levant (Frumkin et al., 2000) and a slight lake level 
increase in the Dead Sea Basin occurred (Waldmann et al., 2009). 
From ∼85.0 to ∼75.0 ka, the last wet and warming phase of 
MIS 5 occurred in the Levant, corresponding with the Sapropel 
(S3) formation in eastern Mediterranean and with the maximum 
northern hemisphere insolation (65°N July) (Berger & Loutre, 
1991). In western Palestine/Israel, depleted δ18O values from 
speleothems in the Soreq, Peqiin (Bar-Mathews et al., 1999; 
2003) and Ma’aele Effrayim caves (Ayalon et al., 2013) as 
well as an increase in arboreal pollen taxa in the Yammouneh 
lacustrine record (Develle et al., 2011) suggest a moderate wet 
period at this time. However, the level of Lake Lisan in the Dead 
Sea Basin decreased significantly (Waldmann et al., 2009) and 
no speleothem deposition occurred after the MIS 5c in Southern 
Negev (Vaks et al., 2006; 2010), both suggesting a drier climate 
during MIS 5a in the south of the region.
3. Location of Kanaan Cave
Mount Lebanon consists mainly of carbonate rocks of Jurassic 
to Cretaceous age. Within these carbonates are numerous caves 
with an abundance of well-preserved speleothem deposits. 
Kanaan Cave is located within the western flank of central Mount 
Lebanon. The entrance of the cave is located in the southern 
side of the Antelias river valley at N 33°54′25′′; E 35°36′25′′ 
at 98 m above sea level (a.s.l.). It is located ~2 km east of the 
Mediterranean coast and ~10 km north of Beirut. The cave 
system is entirely developed in the Middle Jurassic Kesrouane 
Formation, a thick sequence of predominantly micritic limestone 
and dolomite, which has an average stratigraphic thickness of 
1000 m (Fig. 1b).
The Kanaan Cave is a relict conduit and now perched 65 m 
above the active hydrological network draining to springs lower 
down the Antelias valley. The cave entrance was discovered 
during quarrying in 1997. Various studies have been undertaken in 
the cave including petrographic analysis of speleothems (Nader, 
1998), speleogenetic and palaeogeographical reconstructions 
(Nehme et al., 2009), and seismic hazard analysis (Lacave et al., 
2012). The cave is 162 m long and divided into three main parts: i) 
the Entrance Gallery showing fallen fragments of calcite drapery 
and flowstone; ii) two collapse chambers (named Collapse I and 
II) with fallen blocks resting over clay sediment; iii) the Corridor 
Gallery in the inner part of the cave, partially filled by clay 
deposits and covered by various speleothem deposits (flowstone, 
stalagmites, stalactites). The present end of the cave is blocked by 
massive speleothem.
The stalagmite K1-2010 was collected from on top of a fallen 
block of limestone in the center part of the Collapse I chamber, 
~20 m from the cave entrance (Fig. 1c). Whilst currently near 
the entrance, the cave was sealed prior to quarrying in 1997. The 
ceiling of the cave at this location is 2.4 m high, and the thickness 
of the limestone overburden is ∼50 m. Presently the stalagmite 
receives no dripping water, although some drip water occurs in 
other parts of the Collapse I chamber during winter and spring 
seasons. The cave is generally dry during the summer months. 
The air temperature in Collapse I chamber is ~20 °C.
4. Methods 
The stalagmite was cut along its growth axis after retrieval from the 
cave. The investigated section was polished using 120 - 4000 µm 
silicon carbide (SiC) paper. Crystallographic observations were 
performed with an optical binocular microscope NEOC. 
Uranium series speleothem dating was carried out at the NERC 
Isotope Geosciences Laboratory (NIGL), British Geological 
Survey, Keyworth, UK. Powdered 100 to 400 mg calcite samples 
were collected with a dental drill from ten locations along the 
growth axis of the speleothem, taking care to sample along growth 
horizons. Chemical separation and purification of uranium and 
thorium were performed following the procedures of Edwards 
et al. (1987) and Anderson et al. (2008). Uranium series age 
data were obtained on a Thermo Triton thermal ionization mass 
spectrometer (TIMS) employing a Mascom SEM and RPQ and 
following procedures modified from Anderson et al. (2008) and 
Hiess et al. (2012). Mass bias and SEM gain for Th measurements 
were corrected using an in-house 229Th–230Th–232Th reference 
solution calibrated by ICP-MS against CRM 112a. Quoted 
Figure 1. (A) Location map of Kanaan cave and the continental records in the Levant. (B) Geological map of the Antelias region (western flank of central 
Mount-Lebanon) (Dubertret, 1975). (C) Geomorphological section of Kanaan Cave showing the location of the stalagmite K1-2010 in the Collapse 
Chamber (Nehme, 2013).
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uncertainties for activity ratios, initial 234U/238U, and ages include 
a ca. 0.2% uncertainty calculated from the combined 236U/229Th 
tracer calibration uncertainty and measurement reproducibility 
of reference materials (HU-1, CRM 112a, in-house Th reference 
solution) as well as the measured isotope ratio uncertainty. All 
ages are given in years before BP 1950 with an uncertainty at the 
2σ level, typically of between 500 and 1000 years.
5. Results 
5.1. Petrography
The K1-2010 stalagmite is 23 cm long and up to 10 cm wide 
(Fig. 2). The longitudinal inner profile of the stalagmite displays 
a regular deposition of dense calcite ranging in colour from dark 
brown to light yellow with a regular thin lamination (< 0.2 mm) 
at certain parts. At the lower and upper parts of the stalagmite, the 
calcite is denser and mainly displays uniform yellow translucent 
texture. The stalagmite is divided into two main segments. 
The lower segment (segment 1) is 8.2 cm long and 8.5 cm 
wide and displays a general growth axis tilted at a 45° angle 
(clockwise) relative to the upper part of the speleothem. Between 
8.2 and 2.6 cm from the base of the segment 1 (Fig. 2), a regular 
deposition of translucent columnar crystals prevailed, locally 
interrupted by marked dark brown layers (discontinuities) at 5.9 
cm and from 3.3 to 3.6 cm. Between 0 and 2.6 cm, a continuous 
layering prevailed with a clear and translucent texture in the 
central part of the laminas (apex) and turning to a dark brown 
colour at the border. 
The higher segment (segment 2) is 12.3 cm long and 4-6 cm 
wide (Fig. 2), and displays a general growth axis tilted at 16° 
Figure 2. Cut face of the K1-2010 speleothem and a sketch showing the Uranium series age data.
(counter clockwise) to the vertical at the base, gradually becoming 
more vertical towards the top. The general structure of this section 
is characterised by uniform yellow translucent columnar crystals 
interrupted by a marked opaque yellow layers, respectively at 9, 
8, 5.6, 3.2 and 2.8 cm from the base of the segment 2.
5.2. Uranium series (U/Th) dating
Ten uranium series dates obtained from regular intervals along 
the growth axis of the speleothem (Table 2) indicates that the 
stalagmite K1-2010 was deposited approximately from 129.72 
± 0.8 (2σ) ka to 85.3 ± 0.7 ka. The measured uncertainties are 
greatest in the lower part (Segment 2) of the speleothem where 
detrital layers prevail. The dates are in stratigraphic order with the 
exception of sample KA-8. This is possibly due to the presence 
of detrital matter in the laminas. This sample also has the largest 
error bars.
6. Discussion
6.1. Growth curve description
Growth of speleothems is generally conditioned by effective 
precipitation and CO2 concentration, controlled mainly by 
a developed bio-activity of the soil and consequently by the 
temperature (Baker & Smart, 1995; Dreybrodt, 1988; Genty et 
al., 2006). In the Levant, higher speleothem growth rates could 
be associated with warm conditions and higher water availability 
whereas low speleothem growth rates could indicate cold or dry 
conditions. 
An age versus depth profile for the K1-2010 stalagmite 
was derived from the ten uranium series dates, which suggest 
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Figure 3. Growth rate of the 
stalagmite with respect to 
distance (in mm) from the 
top, assuming linear growth 
rates between two consecutive 
dates except in the middle part 
where a discontinuity (hiatus) 
is identified. S5, S4 and S3 
are the sapropel events in the 
Eastern Mediterranean basin 
from ~128-122 ka, ~110-100 
ka and ~85-75 ka respectively 
(Ziegler et al., 2010) during 
which enhanced rainfall events 
occurred over the Eastern 
Mediterranean region (Bar-
Mathews et al., 2003).
growth rates varied from 0.013 to 0.15 cm/100a (Fig. 3). The 
highest growth rate are between 124.45 ± 1 and 125.9 ± 0.8 
(0.15 cm/100a) and between ~109 ka (extrapolated) and 99.8 ± 
0.7 ka (0.09 cm/100a) and coincide with the maximum diameter 
in both segments 1 and 2. Very low growth rates (0.03 to 0.06 
cm/100a) are measured between 99.8 ± 0.7 ka to 85.3 ± 0.8 ka 
and correspond to the smallest diameter. The lowest growth rate 
measured is between 119.84 ± 1.5 ka and 111.75 ± 0.74 ka (0.013 
cm/100a). The higher segment grew continuously from 102.5 ± 
0.96 to 85.3 ± 0.8 ka without any hiatuses. Several discontinuities 
were noted in the middle and the lower part, which precluded the 
extrapolation of a basal age for the stalagmite. An extrapolated 
age of 84.1 ka for the top of the stalagmite was estimated from 
the age model. The discontinuity in the middle part (Fig. 3) lasted 
from 109 to 103.5 ka (extrapolated) during which the growth axis 
was tilted by about 45°. However a possible discontinuity lasted 
from ~129 to ~126 ka in the lower segment and correspond to 
local factors that prevented the stalagmite from growing.
6.2. Speleogenetic context of the stalagmite growth in Kanaan 
Cave
The stalagmite K1-2010 initiated after the cave was disconnected 
from the active drainage system and following a period of roof 
collapse and sedimentation. The present irregular broken floor of 
the Collapse Chambers, largely consisting of breakdown blocks 
and speleothem, is due to the removal of sediment underlying 
the cave floor, causing the floor to subside (Nehme et al., 2013). 
Suffosion process, which is still on-going presently in the cave, is 
mainly the consequence of enlarged fissures under the cave level 
and subsequent to the migration of the water table downstream 
of Antelias karst system. The fissure enlargement is conditioned 
by continuous infiltration of aggressive water influx that triggers 
physico-chemical reactions (Ford & Williams, 2007) leading to 
limestone corrosion and subsequently clay withdrawal and floor 
subsidence in Kanaan cave. This continuous process triggered 
several mechanisms that influenced K1-2010 stalagmite growth 
during the MIS 5. The detrital layer (Fig. 2) between ~129 
and ~126 ka indicates a possible discontinuity related to mud 
deposition over the stalagmite. The reconstitution of the tilted axe 
in segment 2, that grew over a breakdown block, showed that 
the stalagmite grew vertically over an already subsided floor on 
which the breakdown block was leaned about 15 to 20º (Nehme 
et al., 2013). This topographical configuration was sufficient to 
drain infiltrated water in the Collapse Chamber and cause ponding 
in this area and during which muddy water covered the stalagmite 
and prevented it from growing. Clay layers are observed on the 
outer edge of several growth laminae after ~126 ka, whereas the 
apex remained relatively clean. These clay laminae suggest that 
the ponding process was still active until ~120 ka and less intense 
until ~111 ka but without preventing calcite deposition. This 
may have been more likely a consequence of increased water 
infiltration through the vadose zone during this period. 
Between ~109 to ~103.5 ka, sediment evacuation continued 
beneath the cave floor leading to a consequent subsidence in the 
Collapse Chamber and thus tilting the speleothem by around 
45°. Continued minor movement occurred during the deposition 
of the upper segment, causing minor tilting of the growth axis. 
The absence of thin clay particles in the upper segment (segment 
1) suggests that no water accumulation occurred in the collapse 
chamber after ~103.5 ka, probably due to the continuous clay 
evacuation with more enlarged fissures underneath the chamber 
floor, allowing water to drain away rapidly without leading to a 
ponding process.
6.3. Wet periods during the MIS 5 in the Levant
The K1-2010 stalagmite shows the highest growth rate between 
∼126 and ∼124 ka, suggesting that this was the wettest phase of 
MIS 5e in Lebanon. This coincides well with pollen and oxygen 
isotope records from the Yammouneh palaeolake (Gasse et al., 
2011; Develle et al., 2011) at 1350 m a.s.l. Arboral taxa (Quercus) 
concentrated within the Yammouneh lake basin between ∼125 and 
117 ka suggest the climate was wet at this time. The speleothem 
growth rate reached its minimum (Fig. 3) after ∼120 ka and 
continued at a low rate until 109 ka (extrapolated). A second wet 
phase from ∼103.5 to ∼99 ka occurred with a moderate growth 
rate, which corresponds to the wet phase suggested from the 
Yammouneh record between ∼105 and ∼100 ka (Develle et al., 
2011). A return to colder, drier conditions is observed with the 
lowest growth rates between ∼99 to ∼84 ka. The speleothem 
record from Kanaan cave suggests that highest growth rates 
periods took place during sapropel events (Emeis et al., 2003) in 
the Eastern Mediterranean basin. 
The sapropels are considered to have formed at times of 
enhanced low-latitude hydrological activity, mainly during 
marine isotope interglacial, but also during marine isotope 
glacial intervals. They correspond closely with the minima 
in the precession cycle (Lourens et al., 1996) when the East 
Mediterranean region experienced pluvial conditions (Cheddadi 
& Rossignol-Strick, 1995). The Mediterranean experienced 
strong salinity gradients due to also other processes occurring 
during sapropel events, such as meltwater discharge from the 
Euoroasian continental ice sheet or enhanced Nile discharge. 
However, the Mediterranean sea salinity depletion was associated 
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with enhanced rainfall throughout the Mediterranean basin (Kallel 
et al., 1997) because the S5 sapropels (Rossignol-Strick, 1999) 
developed after deglaciation, and therefore meltwater discharge 
could account less for their formation. Pollen assemblages found 
within sapropels S5 from the northeastern Mediterranean basin 
(Cheddadi & Rossignol-Strick, 1995) also support wet conditions.
Continental archives from the southern Levant, specifically 
speleothem isotopic records from Soreq, Peqiin and West 
Jerusalem caves (Bar-Mathews et al., 1999; 2003; Frumkin et 
al., 2000), show δ18O depleted values during the MIS 5e and 
were linked to enhanced rainfall over the East Mediterranean 
basin. Higher growth rates from K1-2010 stalagmite, from 
Kanaan cave, Lebanon coincide with wet periods suggested from 
Yammouneh records, in northern Lebanon (Develle et al., 2011) 
and from Peqiin, West Jerusalem and Soreq caves in southern 
Levant during sapropel events.
Conversely, the Dead Sea Basin (DSB) conditions remained 
generally dry and palaeolake Samra experienced lowstands levels 
during the whole MIS 5 (Waldmann et al., 2009). In the southern 
Negev desert, speleothem and travertine deposition occurred, 
until MIS 5d (Vaks et al., 2010). These wet pulses were possibly 
associated with intrusions of humidity from southern sources 
during interglacial periods (Waldmann et al., 2009). 
7. Conclusion
A dated MIS 5 stalagmite record (129–84 ka) from Kanaan Cave, 
Lebanon demonstrates the potential of stalagmite records for 
palaeoclimate reconstruction in the northern Levant. The age 
model of stalagmite K1-2010, derived from uranium series dating, 
coupled with the petrography analyses demonstrate high growth 
rates during MIS 5e, moderate growth rates during the MIS 5c 
and the lowest growth rates during the ensuing interstadial period 
MIS 5b. High and moderate growth rates corresponding with 
zones of maximum speleothem width are interpreted as the result 
of warm, moist periods and a higher water availability whereas 
the lowest growth rates resulted from colder, drier phases and less 
water availability in the vadose zone. 
Clay layers incorporated between growth laminae during 
speleothem deposition in MIS 5e are attributed to higher water 
availability within the cave. The absence of detrital layers in the 
higher segment during MIS 5c and 5b is the result of less water 
flooding in the cave, possibly due to more local effects related 
to the subsidence of the cave floor, or possibly due to regional 
climatic effects.
K1-2010 growth rates results suggest wet and dry periods that 
are in agreement with pollen and stable isotopes proxies from 
Yammouneh lacustrine records in the northern Levant and from 
speleothems records of Peqiin, Soreq and West Jerusalem caves 
in the southern Levant. However, further stable isotopes analyses 
on K1-2010 are required in order to provide a more detailed, 
robust palaeoclimate record of MIS 5 in the northern Levant.
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